Introduction
============

Determining the etiology of left ventricular (LV) systolic dysfunction is central to appropriately treating patients who present with severe heart failure. The diagnosis of ischemic cardiomyopathy (ICM) or non-ischemic cardiomyopathy (NICM) is conventionally based on the presence or absence of coronary artery disease (CAD) as determined by invasive coronary angiography (CAG) and/or stress testing.[@B1] Patients with significant CAD are diagnosed with as ICM, and the cause of their LV dysfunction is presumed to be impaired coronary perfusion. Patients with LV dysfunction and without CAD are generally diagnosed with NICM. However, the presence or absence of CAD does not necessarily define ICM or NICM and may not completely explain the mechanism leading to LV dysfunction.[@B2] For example, non-ischemic myocardial disease can coexist with CAD or a coronary artery can be recanalized after remote myocardial infarction (MI).

Contrast-enhanced cardiac magnetic resonance (CMR) imaging has emerged as an attractive non-invasive modality to differentiate ICM from NICM because of its ability to directly visualize scarred myocardium related to infarction or fibrosis in patients with various cardiomyopathies.[@B3] Myocardial ischemia in patients with ICM generally begins from the sub-endocardium and extends toward the epicardium. Therefore, subendocardial fibrosis or transmural scar changes in the territory of the diseased coronary artery are a typical ICM pattern. The location of myocardial fibrosis varies in patients with NICM and is mismatched to the blood supply from the coronary arteries. Characterizing specific patterns of delayed hyperenhancement (DHE) using CMR has been widely used to help identify the major causes of LV systolic dysfunction.[@B4][@B5] CAG alone may not help determine whether impaired LV function is due to MI and hibernation or if the CAD is incidentally associated with concomitant primary myocardial disease. In these situations, evaluating the DHE pattern using CMR (CMR-DHE) may help identify the etiology of the cardiomyopathy.

Accordingly, we investigated DHE patterns in patients with ICM and NICM who were diagnosed based on coronary anatomy and evaluated whether the DHE patterns were consistent with the etiologies established as responsible for impaired myocardial function.

Subjects and Methods
====================

Study population
----------------

A prospective, international cardiac imaging study of heart failure (IMAGING-HF study) was undertaken in Seoul, Korea and Rochester, NY, USA from 2009 to 2011 to evaluate the diagnostic and management roles of CMR and echocardiography in patients with heart failure. Among patients with various degrees of heart failure who enrolled in the registry, 101 patients with heart failure (mean age, 57±13 years) who met the modified Framingham criteria for the diagnosis of heart failure[@B6][@B7] and who showed severe myocardial dysfunction with a LV ejection fraction (EF) \<35% on echocardiography were selected consecutively. All patients were registered after remaining stable on heart failure medications for at least 1 month. Exclusion criteria were: (1) unstable angina or recently presented MI, (2) hemodynamically unstable patients, (3) presence of contraindications to DHE-CMR, such as renal failure (estimated glomerular filtration rate \<30 mL/min), claustrophobia, pacemaker, implantable cardiac defibrillator, or metallic implant. After enrollment, each patient was classified into the ICM or NICM groups based on coronary anatomy using CAG and coronary computed tomography angiography as determined by the patient\'s primary cardiologist. ICM was defined as follows: (1) patients with a history of MI or revascularization with percutaneous coronary intervention or coronary artery bypass grafting, (2) patients with ≥75% stenosis of the left main or proximal left anterior descending coronary artery, and (3) patients with ≥75% stenosis of two or more epicardial coronary arteries. Patients with none of these criteria were classified into the NICM group. This study protocol was approved by the local institutional review board.

Delayed hyperenhancement-cardiac magnetic resonance imaging and analysis
------------------------------------------------------------------------

All patients underwent CMR studies using a 1.5 T scanner (Magnetom Avanto, Syngo MR B15 version; Siemens Medical Solutions, Erlangen, Germany) with a 32-channel phased-array receiver coil during repeated breath-holds. After localization, cine images for LV mass and volume were acquired using a steady-state free-precession sequence with 8-10 contiguous short-axis slices to cover the entire LV with a slice thickness of 6 mm and gaps of 4 mm. Delayed gadolinium-enhanced imaging was performed using the phasesensitive inversion recovery technique after injecting 0.15 mmoL/kg Gadovist (gadobutrol; Bayer Healthcare, Berlin, Germany) with continuous short-axis image acquisition of 10-12 slices of 6 mm thickness and a 4 mm gap. Each DHE pattern was evaluated 10 and 15 min after gadolinium administration. Inversion delay time was usually 280-360 ms. Field of view and the image matrix were 35×35 cm and 256×256, respectively.

All measurements were performed at the Samsung Medical Center magnetic resonance imaging (MRI) core laboratory. The images were analyzed to evaluate LV function, mass, and the DHE pattern. LV volume on the MRI images was analyzed using commercial software (Argus ver. 4.02, Siemens, Erlangen, Germany) by a single experienced observer who was blinded to the patient data. End-diastolic and end-systolic frames were defined as frames where the cavity sizes were largest and smallest by retrospective image review, respectively. Endocardial and epicardial borders were traced manually on the selected image frames. Papillary muscles and LV trabeculae were excluded from the endocardium and included in the LV cavity volume.[@B8] LV mass was calculated by multiplying myocardial volume by myocardial density (1.05 g/mL), and the LV mass index was derived from the LV mass divided by body surface area (m^2^).

DHE images were reviewed by two experienced CMR imagers (training level III) and DHE patterns were diagnosed by agreement of both readers. Three types of DHE patterns were recognized, such as the ICM and NICM patterns, and the mixed pattern. The ICM pattern was defined as involvement of the subendocardium or transmural extension of the infarcted scar located in territories consistent with the perfused area of specific epicardial coronary arteries.[@B9][@B10] The NICM pattern was defined as patchy or diffuse enhancement or mid-wall involvement without feature of a typical ICM pattern. If the ICM and NICM patterns coexisted in the same myocardium, we classified the pattern as mixed.

Statistical analysis
--------------------

All analyses were performed with SPSS software ver. 18.0 (SPSS Inc., Chicago, IL, USA). Continuous variables were analyzed using Student\'s t-test or the Wilcoxon rank-sum test and expressed as means±standard deviations or medians (interquartile range), where applicable. Categorical data were tested using Fisher\'s exact test or the chi square test and expressed as numbers in a category and percentages. A two-tailed p\<0.05 was considered significant.

Results
=======

Study population
----------------

Among the 101 patients with severe LV systolic dysfunction, 34 were classified in to the ICM group and 67 were placed in the NICM group based on coronary anatomy. [Table 1](#T1){ref-type="table"} summarizes the general characteristics of the patients in the two groups. The ICM group was older (61.4±11.0 vs. 55.5±12.9 years, p=0.026) and included more males and cardiovascular risk factors than those in the NICM group (all p\<0.05).

Cardiac magnetic resonance-delayed hyperenhancement findings
------------------------------------------------------------

The CMR parameters of the study population are shown in [Table 2](#T2){ref-type="table"}. Decreased LVEF and a dilated LV cavity indicated severe myocardial systolic dysfunction in both groups. About 79% (n=27) of patients with ICM and 92.5% (n=62) of those with NICM demonstrated a DHE pattern consistent with the conventional diagnosis ([Fig. 1](#F1){ref-type="fig"}). However, a non-concordant DHE pattern was observed in 8.8% of patients with ICM and 6.0% of patients with NICM. Furthermore, 11.8% (n=4) of patients with ICM and 1.5% (n=1) of patients with NICM showed a mixed DHE pattern. A non-concordant DHE pattern was observed in 25% (n=3) of non-post-MI patients with ICM but none of the post-MI patients with ICM. About 14% (n=3) of post-MI patients with ICM and 8.3% (n=1) non-post-MI patients with ICM showed a mixed DHE pattern. Among three patients with ICM who showed a NICM-type DHE pattern, two cases demonstrated focal patchy DHE and one case showed linear DHE involving the mid wall of the ventricular septum. The mixed DHE pattern in patients with ICM was epicardial (two patients) or linear enhancement in the mid septum (two patients) combined with subendocardial or transmural myocardial enhancement. No evidence of significant CAD or subendocardial or transmural enhancement, which is a pattern consistent with ICM, was demonstrated in four patients with NICM. Representative CMR images of DHE patterns discordant from the conventional diagnosis are shown in [Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. All four patients conventionally diagnosed with NICM who showed typical subendocardial DHE did not have any clinical history of CAD. All patients with ICM with a NICM-type pattern of DHE had a history of CAD with completely revascularized coronary stenoses, but did not have any ICM pattern DHE in infarcted myocardium that could explain the residual severe LV systolic dysfunction.

Discussion
==========

Our findings indicate that the etiology of severe LV systolic dysfunction can be misclassified if it is solely based on coronary artery anatomy, as some patients diagnosed with ICM or NICM by conventional methods according to the presence or absence of coronary artery stenotic disease demonstrate discordant DHE patterns. Some patients with ICM and NICM also demonstrate non-specific mixed DHE patterns.

CMR-DHE imaging allows visualization of fibrosis; thus, macro-scars, such as MIs, are detectable in most patients with acute MI.[@B11] Although the volume of a MI scar shrinks with time, it remains present in the myocardium as and may extend to the peri-infarct zone. Ischemic myocardium without infarction is viable (hibernating myocardium), which indicates probable recovery of contractility after revascularization.[@B12] These associations have also been found in other CMR studies; most hypokinetic myocardial segments without scars are \"viable\" after revascularization.[@B13] In our study, a few patients continued to have severe LV systolic dysfunction even after undergoing complete revascularization but had no myocardial fibrosis. A similar group of patients with \"ICM,\" minimal scaring, and persistent myocardial dysfunction after revascularization have been reported previously,[@B11][@B13] indicating that recovery of myocardial function after revascularization is not always complete, even in fibrosis-free myocardium. There are several possible explanations for this phenomenon. First, CMR may have limited ability to evaluate diffuse subendocardial scars that can lead to myocardial dysfunction. Furthermore, as the LV cavity is also \"bright\" on DHE images, the bright dead tissue detected by DHE may remain unidentified, particularly in cases of small or shallow subendocardial infarctions.[@B14] Even in these cases, multi-vessel disease can cause diffuse subendocardial infarction, which could not be observed in our study. Another explanation is co-existence of ischemic myocardial disease related to a non-ischemic etiology. If the myocardial DHE pattern indicates non-ischemic cardiomyopathy in patients with CAD, as in some of our patients, a co-existing myocardial process should be strongly suspected. A third possible explanation is that functional recovery of hibernated myocardium is delayed so LV systolic dysfunction persists, as the time course of functional recovery of hibernating myocardium after revascularization may vary from days to months.[@B15]

The diagnosis of NICM using criteria of LV dysfunction and \"normal coronary arteries\" based on coronary angiography may result in misdiagnosing ICM if a coronary artery stenosis was revascularized or was related to vasospasm. Some studies have reported that the presence of typical post-infarct DHE in patients with NICM is a sign of an unrecognized previous MI and subsequent recanalization.[@B16][@B17] McCrohon et al.[@B2] reported that use of CAG to determine the presence of LV dysfunction caused by CAD leads to an incorrect diagnosis of dilated cardiomyopathy in 13% of patients, possibly because of coronary recanalization after MI. Therefore, some researchers have proposed that there may be a considerable number of patients with ICM misdiagnosed by CAG as having NICM.[@B16][@B18]

Another study[@B19] suggested that simply distinguishing between cardiomyopathies based on the presence or absence of CAD has limitations. They showed that the prognosis of some patients diagnosed with ICM is similar to those with NICM, particularly in cases of a small territory CAD. The combination of coronary angiography with CMR (DHE imaging) can help establish a treatment plan in such patients with heart failure. Even if obstructive CAD is present, other causes of LV dysfunction in patients with functionally normal coronary perfusion should be investigated rather than assuming a diagnosis of ICM. Furthermore, the possibility of the coexistence of mixed cardiomyopathy with NICM should be considered, as this may contribute independently to LV systolic dysfunction.[@B3]

DHE patterns determined by CMR can provide additional information to determine the exact etiology of cardiomyopathies by allowing the assessment of myopathic processes that reflect the histopathology of ischemic and non-ischemic heart disease.[@B20][@B21][@B22] As CAG may not help determine the exact etiology in patients with severe LV dysfunction, CMR with DHE should be considered before coronary angiography in this patient population.

Study limitations
-----------------

The number of patients conventionally diagnosed with ICM was relatively small; however, all patients were enrolled consecutively, and our study focused on discrete manifestations of DHE. Thus, a comparative group analysis was not central to address our aims. The prevalence of DHE in patients with NICM was higher than reported previously, which may have been due to the strict enrollment criteria which included only patients with LVEF \<35% and excluded those with mild to moderate LV systolic dysfunction to clarify myocardial changes related to underlying disease. Our results suggest that a mismatched DHE pattern can indicate the existence of different or mixed causes of LV dysfunction in patients with heart failure; however, our limited sample size prevents us from generalizing our findings. Therefore, a large-scale study involving more patients with LV systolic dysfunction is warranted.

Conclusions
-----------

A subset of patients conventionally diagnosed with ICM or NICM based on coronary anatomy may have a mixed or a different etiology based on a DHE-CMR examination. This may explain persistent LV dysfunction after coronary revascularization. DHE-CMR should be considered an important diagnostic modality to evaluate severe LV dysfunction prior to coronary angiography.
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![Delayed hyperenhancement pattern on CMR in patients with cardiomyopathy and severe left ventricular systolic dysfunction. CMR: cardiac magnetic resonance, ICM: ischemic cardiomyopathy, NICM: nonischemic cardiomyopathy.](kcj-46-41-g001){#F1}

![Representative cases of ICM patients with NICM or mixed patterns of delayed hyperenhancement on CMR. (A) The basal mid-septum is enhanced linearly (pattern of non-ischemic cardiomyopathy) on this 10-min delayed short axis image (arrowheads). (B) Basal myocardium shows linear enhancement of the mid-septum (arrowheads) and transmural enhancement (black arrows) (mixed pattern) on this 10-min delayed short axis image. ICM: ischemic cardiomyopathy, NICM: non-ischemic cardiomyopathy, CMR: cardiac magnetic resonance.](kcj-46-41-g002){#F2}

![Representative cases of NICM patients ICM or mixed patterns of delayed hyperenhancement on CMR. (A) Lateral segment of the mid myocardium demonstrates subendocardial delayed hyperenhancement (pattern of ischemic cardiomyopathy, black arrows) on this 10-min delayed short axis image. (B) Multiple focal patchy hyperenhancement in the septum (arrowheads) and transmural hyperenhancement (black arrows) of the inferolateral segment of the basal myocardium are evident in this 10-min delayed short axis image. NICM: non-ischemic cardiomyopathy, ICM: ischemic cardiomyopathy, CMR: cardiac magnetic resonance.](kcj-46-41-g003){#F3}

###### Clinical characteristics of the study population

![](kcj-46-41-i001)

  --------------------------------------------------------------------
                                     ICM\        NICM\       p
                                     (n=34)      (n=67)      
  ---------------------------------- ----------- ----------- ---------
  Age (years)                        61.4±11.0   55.5±12.9   0.026

  Body mass index (kg/m^2^)          23.4±3.0    24.3±4.1    0.242

  Body surface area (m^2^)           1.7±0.2     1.7±0.2     0.663

  Male gender                        30 (88.2)   46 (68.7)   0.031

  Hypertension                       15 (44.1)   14 (20.9)   0.015

  Diabetes                           14 (41.2)   18 (26.9)   0.144

  Dyslipidemia                       15 (44.1)   18 (26.9)   0.081

  Smoker                             27 (79.4)   43 (64.2)   0.117

  Family history of CAD              5 (14.7)    10 (14.9)   0.977

  PAOD                               1 (2.9)     \-          0.337

  History of myocardial infarction   22 (64.7)   \-          \<0.001

  History of PCI                     27 (79.4)   \-          \<0.001

  History of CABG                    8 (23.5)    \-          \<0.001
  --------------------------------------------------------------------

Data are expressed as n (%) or mean±standard deviation. ICM: ischemic, NICM: non-ischemic cardiomyopathy, CAD: coronary artery disease, PAOD: peripheral arterial occlusive disease, PCI: percutaneous coronary intervention, CABG: coronary artery bypass surgery

###### Cardiac magnetic resonance data

![](kcj-46-41-i002)

  -----------------------------------------------------
                      ICM\         NICM\        p
                      (n=34)       (n=67)       
  ------------------- ------------ ------------ -------
  LA volume (mL)      113.8±40.5   111.6±62.1   0.852

  LV ESV (mL)         183.8±63.4   205.6±69.4   0.135

  LV EDV (mL)         252.7±67.0   281.7±72.5   0.059

  LV EF (%)           26.4±9.2     26.1±8.5     0.859

  LV mass (g)         122.8±30.9   128.1±37.9   0.489

  LAVI (mL/m^2^)      66.7±23.1    65.1±36.9    0.824

  LV ESVI (mL/m^2^)   108.0±36.7   120.4±40.2   0.140

  LV EDVI (mL/m^2^)   148.1±38.0   164.5±40.2   0.560

  LV MI (g/m^2^)      72.0±17.2    74.1±19.0    0.577
  -----------------------------------------------------

Data are expressed as mean±standard deviation. ICM: ischemic, NICM: non-ischemic cardiomyopathy, LA: left atrium, LV: left ventricle, ESV: end systolic volume, EDV: end diastolic volume, LVEF: left ventricle ejection fraction, LAVI: left atrium volume index, ESVI: end systolic volume index, EDVI: end diastolic volume index, LVMI: left ventricle mass index
